study question: Do prenatal exposure to cigarette smoking and birthweight influence age at menarche (AAM) in a cohort of Australian girls?
Introduction
One of the major goals of life history theory is to better understand how individuals balance resource allocation between the primary activities of surviving, growing, maintaining body systems, and reproducing (Chisholm, 1999) . Because resources are always limited, all organisms must make trade-offs to balance their investment in these activities over the lifespan. These trade-offs, both conscious and unconscious, form a cost-benefit analysis in which investment decisions are based on intrinsic factors, environmental factors and mortality risk. Even in very highly sophisticated organisms, such as humans, these trade-offs leave physiological fingerprints. In human females, the timing of menarche is a useful life history marker which can provide information about the environment that an individual experienced during their maturation.
For instance, it is known that environmental conditions of risk will influence the timing of puberty in females and numerous studies show that girls with less secure upbringings demonstrate earlier menarche, younger age at first birth and greater lifetime fertility than girls who experienced more secure childhoods (Belsky, 2012) . Such patterns are particularly apparent in girls raised in father-absent households who demonstrate earlier menarche and younger age at first sex, as well as greater number of sexual partners (Chisholm, 1999; Chisholm et al., 2005) . This advancement in the age of reproduction by girls exposed to fatherabsence is likely induced by psychosocial stress, which may act as the underlying biological trigger for developmental advancement (Draper and Harpending, 1982) .
When other indicators of puberty are considered, both breast and pubic hair development are also linked to father-absence, although it was only significant in higher-income families and, in the case of pubic hair development, only in higher-income African-American families (Deardorff et al., 2011) . These studies suggest that early environmental stresses induce biological changes (such as earlier menarche) along with behavioural changes that are potentially related to social stress and disordered attachment (such as younger age at first sex, first birth and an increased number of sexual partners). Whether the stress is caused by the social or physical environment, all changes to life history traits serve to increase the potential quantity of children a woman can bear (Chisholm et al., 2005) .
While much of the aforementioned work focused on stress in early childhood (5-7 years), stress during infancy may also affect the timing of adult life history traits. For example, reduced maternal care may result in direct survival risks to infants. It makes biological sense that the response to this stochasticity would be acceleration of the biological cascade that triggers sexual maturation. In such an environment, highquality and low-quantity reproduction is less likely to result in a good reproductive pay-off (Chisholm et al., 2005) . Notably, some of the resulting adaptations, such as accelerated menarche (Milne et al., 2011) , correlate with later life health risks, including increased risk of diabetes, as well as breast, uterine and endometrial cancers, suggesting that longterm fitness has been sacrificed in order to benefit short-term survival and reproduction.
Within the evidence showing that early life stress speeds up the timing of life history traits, including age at menarche (AAM), less attention has been paid to the role of an insecure or stressful uterine environment on these same factors. Despite much research, the predictors of the timing of menarche or the mechanisms responsible remain relatively poorly understood. It is known there are genetic components, such as maternal AAM, and physical ones, such as the body mass and body fat of girls at menarche (Windham et al., 2004) . However, triggers that activate the endocrine system (specifically via the hypothalamic -pituitary -gonadal system) to induce the onset of menses, and the method of priming these processes, remain less well understood.
Increasing knowledge of the fetal origins of adult health and well-being indicate that these instigating processes may well be determined in utero and be influenced by the maternal environment.
Animal studies have found that individuals exposed to endocrine disrupters show earlier puberty (Howdeshell et al., 1999) , and some recent studies in humans support this, showing that exposure to prenatal stressors, including maternal cigarette smoking, may also play a role in the onset of puberty and menarche (Windham et al., 2004; Shrestha et al., 2011; Ernst et al., 2012) . Of the 4000 chemicals present in cigarettes, cotinine, cadmium, and benzopyrene have been found in the follicular fluid of women who smoke, suggesting that chemical exposure from smoking can build up in the ovaries, impacting fertility (Neal et al., 2008) . It has been suggested that fertility reductions may result from changes to oocytes, including impaired function and viability, low numbers, chromosomal abnormalities and/or low fertilization rates (Shiverick and Salafia, 1999) . This may be due to a disruption of gene regulation in the developing ovary that impacts normal hormonal signalling and molecular pathways resulting in reduced ovarian function and lower fecundity (Fowler et al., 2008) .
After conception, exposure to cigarette smoke continues to cause negative changes with nicotine potentially acting as a vasoconstrictor reducing blood flow from the placenta to the fetus, and the toxic nature of cigarette smoke altering enzyme expression in the developing fetus and reducing fetal oxygen transport (Soothill et al., 1996) . Animal and human studies have also shown that nicotine exposure during fetal development results in impaired fecundity and ovarian function in later life, suggesting the effects of exposure to cigarettes before birth can have long lasting implications for the life history traits of offspring (Holloway et al., 2005; Fowler et al., 2008) . This is also true for male offspring where testes development and function can be affected (Mamsen et al., 2010) .
This paper aims to investigate this relationship further by conducting an examination of maternal smoking and a related indicator of prenatal stress: low birthweight. We examine these traits in relation to the timing of menarche in a large cohort of young Australian females.
Materials and Methods
Following approval of the ethical aspects of this project by The Australian National University Human Research Ethics Committee (protocol number 2014/609), we used unit record data from Growing Up in Australia, the Longitudinal Study of Australian Children (LSAC). LSAC is conducted in partnership between the Australian Government Department of Social Services, the Australian Institute of Family Studies and the Australian Bureau of Statistics. LSAC collects a wide range of health and social indicators from Australian children at 2-year intervals. We used the LSAC dataset to examine the influence that maternal smoking and birthweight exert over AAM.
We used the K-cohort whose child participants were between 12 and 13 years of age at the last data collection. The survey population included 2446 girls, of which 1493 could be included in our analysis (due to missing data). The data are collected by trained interviewers from parents and children via face-to-face interviews, computer-assisted questionnaires and selfcompleted surveys (Australian Institute for Family Studies, 2013).
AAM was collected in years and months via parental self-report. The following questions were asked of parents: (i) Has your child ever menstruated (had her period)?; (ii) How old was your child when she first began to menstruate (have her period)?; and, of mothers, (iii) How old were you when your own periods started? Recalled maternal AAM was collected in whole years from the mother via self-reporting through either interview or survey (Australian Institute for Family Studies, 2014). It has been documented in previous studies that self-reporting of menarche by either adolescent girls or their mothers within a year or two of achieving menarche is a reliable measure of AAM (Moffitt et al., 1992; Koo and Rohan, 1997; Petersen et al., 1998) .
Birth data, including birthweight and gestational age, were collected from parents at the initial data collection time point (when participating girls were 3-4 years old). Maternal smoking data were collected via a self-complete questionnaire and is coded at three levels of exposure: no smoking, smoking 'most days', and 'occasional' smoking (delineations between 'most days' and 'occasional' were made by mothers). BMI of the girls was calculated using the standard method following anthropometric measurement. Anthropometrics are conducted by trained staff using calibrated equipment (Australian Institute for Family Studies, 2014).
Data on socioeconomic status, for example education and income, during pregnancy were not available.
Statistical analysis
First we examined the relationship between variables using a correlation matrix and scatterplots. Due to potential collinearity between birthweight and gestational age, only birthweight was included in the analysis. Because not all girls had reached menarche, we used cox regression. We defined participant study time as from birth (although these data were collected when the girls were 3 -4 years old) until either menarche or age at the last data collection. We used interview dates and the girls' dates of birth to calculate their exact age at the last data collection. The data were censored for those yet to reach menarche. Of the 1493 girls able to be included in the analysis, 845 (57%) had reached menarche and were thus described as 'failures' within the analysis. AAM was analysed as a continuous variable.
Because immediate physical factors and genetic factors are understood to influence AAM, we included the girls' mothers' AAM and the girls' BMI at 8 -9 years of age in the cox regression model. BMI at 8 -9 years indicates body condition prior to menarche in most girls (less than five cases reached menarche prior to 8 years of age). We used unweighted survey data in this analysis. There was a slight positive association between AAM and birthweight (r ¼ 0.04).
All analysis was conducted in Statistical Package for the Social Sciences version 22 (IBM Corp. Armonk, NY, USA). Significance in all analysis was set at P ¼ 0.05. Table I shows some characteristics of the total study population and Table II shows characteristics of the subsample included in our analysis, divided into those girls who had reached menarche and those who had not. Descriptive statistics, are shown divided according to whether girls had reached menarche at the time of data collection or not. Girls who had reached menarche had higher BMIs, lower maternal AAM, were older and were born at slightly lighter weights.
Results
We find that maternal AAM, girls' BMI at 8 -9 years, birthweight and maternal cigarette smoking during gestation exerted a significant influence over AAM. The analysis shows the contribution of these four factors to AAM and the direction of their effect. Table III shows the confidence intervals (CI) and hazard ratios (HR) for each of these four factors, allowing for the influence of the other factors in the model.
Results indicate that maternal AAM and physical factors exert a significant influence over the AAM. Maternal AAM exerted an influence over the girls AAM with an HR of 0.75 (CI (95%), 0.71-0.79), indicating a delaying effect on participant AAM as maternal AAM rises. The girls BMI at 8-9 years had an HR of 1.12 (CI (95%), 1.10 -1.15), indicating an increased chance of earlier AAM as BMI rises.
Birthweight and maternal smoking during gestation also significantly influenced AAM. With non-smoking mothers used as the reference level, mothers who reported smoking cigarettes 'most days' during gestation showed an HR of 1.40 (CI (95%), 1.10-1.79). This suggests that prenatal smoke exposure increases the chance of an earlier AAM. There was no significant difference between AAM among children whose mothers reported smoking 'occasionally' during gestation, potentially reflecting the broad range of smoking levels which were likely included in that category.
Birthweight also exerted a significant influence on AAM, reporting an HR of 0.86 (CI (95%), 0.75 -0.97) even when adjusted for the impact of reported maternal cigarette smoking during gestation (a strong 
Discussion
This paper investigated the influence of prenatal smoking and low birthweight, both of which are suggestive of a suboptimal uterine environment, on AAM in a large sample of young Australian females. To account for known physical and genetic confounds, we also included maternal AAM and the girls' BMI at 8-9 years in our model. Our study supports previous results that have found that mothers who smoke have daughters with earlier menarche (Windham et al., 2004; Shrestha et al., 2011; Ernst et al., 2012) but contradicts other studies (Windham et al., 2008; Ferris et al., 2010) . While one possible reason for the conflicting results of previous studies is ethnicity (Windham et al., 2008; Ferris et al., 2010) , our data did not include ethnicity, making it impossible to determine such an influence here.
It is well established that women who smoke may suffer myriad disorders, including reduced fertility and younger age at menopause (Ferris et al., 2010) . This may be because smokers show lower concentrations of estradiol (E 2 ) in their blood, produce lower numbers of oocytes, may have up to a 50% reduction in implantation rate (Shiverick and Salafia, 1999) and potentially undergo early programmed cell death in ovarian cells (Hayatbakhsha et al., 2012; Gannon et al., 2012) . This impact on fertility has been supported in studies on human females undergoing IVF treatments that show smokers have significantly lower serum levels of E 2 , fewer follicles and fewer oocytes (Evers et al., 1998) or experience higher rates of spontaneous abortion (Lintsen et al., 2005) .
When smoking continues into pregnancy, these hormonal issues continue, with smokers showing lower levels of estriol and E 2 in their urine (Bernstein et al., 1989) and with possible vasoconstriction caused by nicotine reducing blood flow to the placenta and fetus (Anderson and Hermann, 1984; Oncken et al., 1997) . While cigarettes contain over 4000 chemicals, the heavy metal cadmium has been found at higher concentrations in the ovaries of both rats and humans (Lintsen et al., 2005; Freour et al., 2008) . Cadmium may also affect the fetus directly as traces have been found in the placenta of a developing fetus and the hair follicles of newborn infants exposed to cigarette smoking (Thompson and John, 2008) . This type of exposure is suspected to cause developmental alterations in the fetus including alterations to neural pathways that may create a greater risk of attention deficit hyperactivity disorder, learning difficulties, behavioural problems, and increased risk of nicotine addiction (Dwyer et al., 2009; Rogers, 2009) . It may also result in an increased risk of obesity and type II diabetes (Holloway et al., 2005) , which may be linked to earlier menarche, as females with a higher BMI are predicted to reach puberty earlier.
The impact of smoke exposure on puberty also persists beyond gestation with one study showing an earlier AAM among girls of mothers who did not smoke while pregnant, but did smoke after birth, compared with wholly non-smoking mothers (Windham et al., 2004) . In addition, prenatal smoking may also result in male offspring reaching puberty milestones earlier (Fried et al., 2001) lifetime fertility (Shrestha et al., 2011) than the male offspring of nonsmoking mothers.
The link between menarche and body mass in children may be due to a catch-up effect where infants who are born small later gain too much weight in an attempt to reach a normal, healthy weight (Ong et al., 2000; von Kries et al., 2002) . As prenatal smoke exposure often results in small babies, it may also result in earlier menarche through this catch-up growth. This puts children at risk not only of high BMI associated health problems, but also at risk of developing the endometrial and breast cancers associated with early menarche (Milne et al., 2011) .
As expected, our analysis also shows a significant and positive relationship between BMI at 8-9 years and AAM. This result may be explained, in part, by a recent discovery that some of the genes that control AAM may also act on body weight regulation and fat metabolism, suggesting that body condition and age at (biologically-indicated) sexual maturity are tightly linked (Elks et al., 2010) .
Interestingly, we also found a link between birthweight and AAM, even where the impact of maternal smoking was controlled. While this has been found in previous studies (Ibáñez et al., 2000; Adair, 2001; Coall and Chisholm, 2003) , others show that effects of low birthweight disappear when growth in infancy is accounted for (dos Santos Silva et al., 2002) . This observation supports the hypothesis that timing at menarche is programmed in utero but is modified after birth through patterns of weight gain through childhood (Cooper et al., 1996) . We argue that slowed natal growth may be a cue to the fetus of a risky, unpredictable environment, similar to the documented effects of father-absent homes (Chisholm, 1999) . For example, heavy smoking reduces fetal access to oxygen and nutrition and may trigger a biological response to resource insufficiency. This would cue the body towards early biological markers of life history, including having the ability to reproduce sooner in order to cope with an environment which may threaten longevity, thus promoting a trade-off away from offspring quality towards offspring quantity.
Any indicator to the fetus of a suboptimal environment may trigger that pattern of accelerated maturation. For example, work by Blanck et al. (2000) finds that girls exposed in utero to high levels of an environmental toxin, polybrominated biphenyl, experienced earlier AAM than girls exposed to lower doses. Thus, we suggest that smoke exposure or low birthweight act as environmental stressors to the fetus that may trigger a different developmental pattern focused more on early reproduction.
Conclusions
Our study shows that maternal smoking and girls' birthweight can exert an influence over AAM. Because of the association between younger AAM and cancer risk (Milne et al., 2011) , this adds to the need to consider prenatal stressors as a fetal health risk. This finding is supported by some work, but contradicts the findings of others, suggesting variable effects across populations.
A limitation of this study is that not all girls had reached menarche, necessitating the use of cox regression. As with other longitudinal studies we also had the limitation of study sample attrition and some missing data, particularly in reports of maternal smoking. In addition, as the degree of bias in the missing data is unknown there is possibly an effect of inaccurate maternal reporting of smoking influencing results of birthweight on AAM. The subsequent cohort of LSAC includes more detailed data on maternal cigarette smoking, including detailed usage estimates and timing of fetal exposure, and higher response rates. The next data release for the cohort used in this study will include data on the same girls at 14 -15 years. Given that the average Australian AAM is around 12.5 -13 years (Morabia and Costanza, 1998; Chisholm et al., 2005) , this dataset will contain actual AAM for a very large percentage of the girls and we look forward to conducting the same analysis on these datasets in the future.
Further, LSAC is intended to collect data over the longer term. Such a collection will allow us to test the relationships between prenatal conditions and age at first birth, between AAM and age at first birth, and between AAM and onset of disease. The ability to follow a cohort over this period will be a substantial contribution to current knowledge of life history markers in human populations.
